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ABSTRACT

Two commerciallyavailablelargeareasilicon avalanchephotodiodefAPD) werecharacterizeth thelaboratory Theresponse
of the APD’s to a sequenc®f 8-bit pulsepositionmodulated256-PPM)laserpulses with andwithout additive background
noise,wasrecordedand storedfor postanalysis. Empirical probability densityfunctions(pdf’s) were constructedrom the
signaland noiseslot dataand comparedo pdf's predictedby an analyticalmodel basedon Webb+Gaussiastatistics. The
pulsesequenceavas usedto generatebit-error rate (BER) versussignal photonsper pulseplots, albeit with large error bars
dueto the limited numberof signal pulsesstored. TheseBER measurements/ere also comparedwith analyticalresults
obtainedby usingthe GaussiarandWebb+Gaussiamodelsfor APD channektatistics. While the measurementgualitatively
reflectfeaturespredictedby theory significantquantitatve deviationsweredisplayedbetweerthe measurementandtheory
The sourceof thesediscrepanciess not currentlywell understoodput it is surmisedthat inaccurateknowledgeof detector
parametersuchasgainandnoiseequialenttemperaturenodelsmay explain the discrepancies.
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1. INTRODUCTION

A progresgeporton laboratorycharacterizatiomf silicon avalanchephotodiodegAPD) is presentedThe effort is motivated
by the needto develop pulse positionmodulated(PPM) recevers[1] requiredfor deepspaceoptical communications.The
APD is alikely candidatefor the front-endopto-electroniacorversiondevice requiredby the recevers. Previous studies[2]
have establishedhathigh peakpower lasertransmittersarenecessaryor viable optical links requiredfor future NASA inter-
planetarymissions.ConsequentlyPPMIlasertransmitterdave beenidentifiedasthe mostlik ely candidatesor providing deep
spacecommunicationsieeds. Popularwavelengthsat which the requiredpeak power can be achieved are the fundamental
andsecondharmonicof Nd:YAG, Nd:YVO4 andNd:YLF lasers.As aresult,532nm and1064nm werechoserfor detector
characterizationFrom a systemengineeringpoint of view, the 1064 nm wavelengthis preferableasa 3 dB power penaltyis
incurredwith useof thefrequeng-doubledb32nm. In addition,greatenulnerabilityto atmospheritcurbulenceandbackground
noiseexistsat 532nm. However, significantlyimproveddetectorquantumefficiency (by afactorof two) canberealizedat532
nmcomparedo 1064nm.

The PPMreceversarebeingdevelopedto operatein conjunctionwith large aperture(10m diameter)groundbasednon-
imaging quality telescopesThereforethe lasersignal musttraversean atmospherigath prior to collectionandfocusingby
thetelescopePrevious analysig3] hasshovn thatatmospheri¢urbulencewill limit the achievablefocal spotsizesevenwith
a perfectsurfacequality 10 m telescopeo approximately2 mmin diameter Furthermorethe non-imaging(“photon bucket”)
telescopesdeing consideredn orderto reducecost of implementationwill only addto the focal spot sizes. With this in
mind, commerciallyavailable3 mm diameterdetectordor 532nmand1064nmwavelengthsverechoserfor characterization.
Largedetectorareasf coursentroducebandwidthlimitationsasa consequencef increaseaapacitanceReducedandwidth
canrestrictthe detectorsability to resole the received laserpulses therebynecessitatingnincreasen the PPM slot width.
However, increasinghe slot width increaseshe vulnerability to backgrounchoise. Furthermorenot beingableto resohe the
laserpulsecompromisesherangingability of adeepspaceopticalcommunicationsecever, afunctionthatis highly desirable.

Photoncountingdetectorsanprovide nearshotnoiselimited performanceHowever, commerciallyavailablestate-of-the-
artphotoncountingdevicesdo not performwell in the presencef backgroundoisesincecountsgeneratediueto background
noisecannotedistinguishedrom signalcounts especiallywhenthelaserpulsewidthsareof theorderof thecounterecovery
time (10to 20 ns). While suchdetectorsmaywork well for night-time(low backgroundhoise)links, their performancewill be
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severelycompromisedn the presencef backgroundoise.Oneof theobjectivesof the presenstudywasto evaluatedetectors
thatwould performin the presenc®f backgroundoise.This confinedthe choiceof detectorgo thermalnoiselimited devices.
Giventhis limitation the highestachiesablequantumefficiency andlowestnoisecharacteristicsveresought.

Previousreportson APD detectorcharacterizatioimave usuallyuseda 4-PPMmodulationschemdg4]. Moreover, current
modulateddiodes(810-860nm)[4] andintensitymodulatedsolid statelaserg1064nm)[5] wereusedto achievethe APD char
acterization Sensitvities of 264incidentphotons/biffor abit errorrateof 10~ werereportedat 1064nm usingsuchascheme.
In the presentvork a Q-switchedsolid statelasermodulatedusing256-PPMwith 50-100kHz repetitionrates(comparedo the
Mbps usedpreviously) is used.The objective of thework wasto compardaboratorymeasurementwith ananalyticalmodel.
Goodagreemenwill allow link design,aswell asdevelopmenf algorithmsfor symbolandslot synchronizatiomequiredfor
developingthe backendof the PPMrecever.

2. EXPERIMENTAL SETUP

An AdvancedPhotonixModel 118-70-74-641thermoelectricallycooled APD moduleand a nearinfrared enhancedPerkin
Elmer (formerly EG&G) 30659GAPD integratedto a customhigh voltagetemperaturecontrolled(HVTC) boardsupplied
with the APD, wereusedat532and1064nm. In Figurel we shov aschematiaepresentatioof theexperimentabrrangement
used. A Q-switchedNd:YVO4 laseroscillator[6] is usedto provide 1064 nm light with a pulsewidth that variesfrom 1-3
nsfor repetitionratesof 1-100kHz. When532 nm light wasbeingusedfor detectorcharacterizatiothe 1064nm light was
transmittedhroughafocusinglensandalithium niobatecrystalfrequeng doublerassemblyshavn in Figurel. Thecollimated
laserbeamat 1064 or 532 nm wasincidentthrougha variableattenuatomand pellicle beamsplitter on a lensthat focusedthe
light down to aspot. Thelight pathfollowing thelenswassplit by a secondpellicle beamsplitter sothatit wassimultaneously
incidentupona power sensoi(Anritsu Model MA9802A) andthe APD to be characterizedThe splitting ratio of the 532 and
1064nm light wascalibratedseparateljoy moving the power sensotackandforth betweerthetwo locations.

Thepellicle beamsplitter precedinghelensin the light pathallowedtheintroductionof additive backgrounchoisefrom a
tungstersourceemittingthrougha light pipe. Thewhite light wasfilteredusinga narrav bandpassfilter (10nm @ 532and3
nm @ 1064nm).
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Figure 1. A schematidayoutof theexperimentalrrangementsedfor performingthe detectorcharacterization

Thelaseris externallymodulatedusingthe PPM modulatorwhich consistsof anelectronictiming circuit thatcansimulate
arestrictedversionof 256-PPMin which the pulsesare steppedsequentiallythroughthe 256 slotsusinga ring counter The
slot width canbeindependentlyariedat the chosempulserate. In the resultsto be presented50 kHz and 100 kHz repetition
rateswith 25ns(532nm)and10ns(1064nm) slotwidthswereused.

The power sensorAPD, andlensassemblywereenclosednsidea light tight box with a hole to admitthe laserandwhite
light. An electronicshutteroperatedemotelyfrom outsidethe enclosurgnot shavn in figure) allows blocking of the APD.



The procedurdollowedfor acquisitionof PPM dataconsistedf attenuatinghe laserbeamto low averagepowerssothat
barelya few pulsesweresensedy the APD. A datastreamwas recordedfor postanalysis. The attenuatiorwas gradually
reducedwhile pulsesequencewererecorded.Thelow averagepowersusedwereusuallybelow the-65 dBm sensitvity level
of the power sensorhowever, by usingthe remotelyoperatecelectronicshutter the detectorcould be blocked andthe power
recordedwithout attenuation. This power could then be corvertedto averagepower incidenton the detectorusing known
attenuatiorvaluescalibratedseparately This wasfound to be the mostreliable methodof determiningthe averageincident
power, from which the averagenumbersof photonsperpulseweredetermined.

A Tektronix 754Coscilloscopenvasusedto recordthe pulsestreams.This oscilloscopehasan extendedacquisitionmode
that allows the recordingof 8 million records. Half of this available storagecapacitywas usedto recordsynchronous®’PM
trigger on oneof the channelswhile the remaininghalf wasusedto storethe APD output. Typical samplingratesusedwere
500 MS/secand1l GS/sec.Thus,the maximumnumberof pulsesthatcould be recordedvere400at 50 KHz pulserepetition
frequeny (PRF),or 800at 100KHz PRF Matlab routineshave beendevelopedfor performingspotcheckson the numberof
pulsesreceived usinga maximumlik elihood algorithm. The outputof the maximumlik elihood algorithm canbe compared
with therecordedrigger pulseswherethelaseris known to have fired in orderto obtainsymbolandbit errorrates.

3. COMPARISON OF RESULTSWITH THEORY

Laboratoryperformancés evaluatedhroughcomparisonsf themeasuredPD outputstatisticsandPPMbit errorprobabilities
with analytical probability density functionsand error rate calculations. In orderfor the laboratoryperformanceto match
theoreticalpredictions,it is importantthatthe statisticalcharacteristicef the empiricaldatamatchthe theoreticaimodels. If
the distributionsof the APD outputstatisticsfor signalandnoise(non-signal)slotsin the empiricaldatamatchthe theoretical
probabilitydensityfunctionswell, we canbeconfidentin basingsystenmdesignnthetheoreticamodels.We provideanumber
of plots that comparethe empirically constructeddensitiesof signaland non-signalslots to thosepredictedby theoretical
analysisandapproximationandwe comparehe experimentalandtheoreticabit errorratesfor adetectionalgorithmunderthe
assumptiorof perfecttime synchronization.

3.1. Analytical Model of the APD Channel

Following the formulation found in [4], we modelthe output of the APD photodetectopackageas the sum of Webb and
Gaussiarrandomvariables.The averagenumberof photonsabsorbedy an APD illuminatedwith total opticalintensity A(t)
in T, secondsanbeexpresseds

o
n=g ) A(t)dt 1)

whereh is Plancks constanty is the optical frequeng, andy is the detectors quantumefficiency, definedasthe ratio of
absorbedo incident photons. The actualnumberof photonsabsorbedy, is a Poissondistributed randomvariable. The
probabilityp(m|n) thatanAPD generates: outputelectrongyivenss meanabsorbeghotonscanbederivedfrom theMclntyre-
Conradidistribution [7], but maybe approximatedy the continuousiebbdensityfunction[8] asfollows:
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Here,G istheaverageAPD gain,k is theionizationratio,andF' is theexcessoisefactorgivenby F' = kG+ (2—1/G)(1—k).
Addedto the randomnumberof APD outputelectronss an independenGaussiarthermalnoisechage from the follow-on
electronicg4]. The probability densityfunction for the slot statisticis thereforethe corvolution of the Webb and Gaussian
densityfunctions,andmaybe written as

oo

p(@n) = > 6, ptm, 0”)p(m|n), 3)

whereg(z, iim, 0?) is the Gaussiardensityfunctionwith meanu,, = mq + I, T, andvariances?® = (2¢I, + L) BT?, as
givenin [4]. Here,q is the electronchage, « is Boltzmanns constant,T" is the equivalentnoisetemperature/; is the APD
surfaceleakagecurrent,andB is thesingle-sidedoisebandwidth.Thevalueof theloadresistance?y, is givenby thefeedback



Table 1. Systemparameter$or APD channel.

Parameter 532nmAPD 1064nmAPD
M (PPMorder) 256 256

T, (PPMslotduration) 25ns 10ns

1 (quantumefficiency) 0.8 0.38

k (ionizationratio) 0.0015 0.02

G (averagegain) 150 19

I (surfaceleakagecurrent) 4.2nA 100nA

I, (bulk leakagecurrent) 42 pA 10pA

T (equialentnoisetemperature)  1993K 300K

Ry, (loadresistance) 10k 1.5kQ

resistancef the transimpedancamplifierfollowing the APD. Notethatthe APD surfaceleakagecurrentis not multiplied by
the APD gainandis modeledhereasa constanDC current. The bulk dark currently,, on the otherhand,is multiplied by the
APD gainandis modeledaspartof the backgroundadiation.

An approachhatis commonlyusedto simplify calculationof PPM symbolerror probabilitiesis to modelthe densityof
the APD outputelectronchage as Gaussiarwith meangGn andvarianceg?G? Fn. Thenthe slot statisticconsistingof the
sum of APD outputelectronsand amplifier thermalnoiseis also Gaussianand hasmeany = ¢Gn + I,Ts andvariance
o2 = [2q2G2Fﬁ + qI,Ts + %] BT;. Althoughsimple,this approximatiordoesnotyield accurataesultsoverall regions
of interestaspreviously shavnin [4].

For M-ary PPMwith slot durationTs, the total chage is integratedover eachslot time T, resultingin a vector of M
independenvbsenablesfor eachrecevedPPMword. It wasshavnin [9] thatgiventheseobsenablesthe maximumlik elihood
detectorstructureconsistof choosingthe PPMsymbolcorrespondingdo the slot with thelargestaccumulateahagevalue. If
ny andn arethemeannumberof absorbedackgrounghotonsper slotandthe meannumberof absorbedignalphotonsper
pulse respectiely, the M -ary PPMsymbolerror probabilityis

PO =1 [ el +1,) [ | p(ymb)dy] T, (4)

wherep(z|7) is givenin (3).

3.2. Probability density function comparisons

Outputvoltagesignalsfrom the 532 nm APD and 1064 nm APD were sampledat a rate of 500 MS/secandaccumulatedo
form 25 nsslots,with 12 to 13 samplegerslot. Theseslotswerethenseparatedhto signalandnon-signalnoise)slots. Note
thattheseslot statisticsarein unitsof accumulatedoltageover a slot, whereaghe analyticalmodelof the previoussubsection
waspresentedh termsof accumulatedlotchage. In theplotsthe chageis simply corvertedto voltageacrosgheloadresistor
by multiplying by gR 1, /Tsempie, WhereTgqmpie 1S thesampletime.

The slot countscanbe putinto a histogramin orderto shav the empirical probability densityfunction (pdf). Dueto the
highorderof PPMsignalingusedandtheamountof deactime betweerPPMwords(50kHz repetitionratefor the532nm APD
and100kHz repetitionratefor the 1064nm APD), therearesignificantlymorenoiseslotsthansignalslots. More specifically
for the532nm APD therewere400signalslotsandover 300,000noiseslots,andfor the 1064nm APD therewere800signal
slotsandover 700,000signalslots. This meanghatthe empirically obsenednoiseslot pdf shouldbe quite closeto the actual
pdf, while the empiricalsignalpdf may exhibit moreunevenness.

The parametersequiredto predictthe pdf's of the APD outputsare givenin Table 1. Thesevaluesare asreportedor
publishedby the APD vendorsandwere not independentlyconfirmed. The noise equivalentbandwidthis approximatedo
be B = 1/(2T;) Hz, which is that of anideal integratorover durationT. Although the equivalentnoisetemperaturevas
estimatedor the532nm APD by tuningthe gainto nearlyzeroandmeasuringhe noisepower outputof the preamplifier this
measuremenwasunableto betakenfor the 1064nm APD soroomtemperaturavasusedasadefault.



Using theseparametersthe pdf’s for the Webb+Gaussiamodelof the APD werecomputedor eachcollectionrun. The
densityfunctionrequirescomputatiorof a convolutionintegral for eachpointonthecurve. A comparisorof theempiricaland
theoreticabpdf’sareshavn in Figures2 through5 for thetwo APD’s whentherearezeroand100incidentbackgrounghotons
(7p;) perslot. In eachfigure, plots of the lowestsignalpower andhighestsignalpower in the datacollectionrun are shovn.
Therewasa certainamountof biasthat variedwith the backgroundoower, soin all of the figuresthe empirical curveswere
shiftedso thatthe empirical noisepdf peaklined up with the theoreticalnoisepdf peak. The separatiorbetweensignaland

noisecurvesandthewidth of thesecurves,however, arethefeatureshatpredicterrorperformance.
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Figure 3. Comparisorof empiricalandtheoreticalpdf's,532nm APD, 71,; = 100.

As may be seenin Figures2 through5, therearesignificantdiscrepanciebetweernthe empiricalandtheoreticalpdf’s for
both the 532 nm and 1064 nm data,moreso in the latter case. The empirical noise pdf's are smoothandfairly Gaussiarin
appearanceyhile the empirical signal pdf's are moreirregular, dueto the smallersamplesize of the signalslots. As these
pdf's arevery closeto Gaussiarin shapethey may be characterizedy their meansand variancesso we shall discussthe
discrepanciebetweenthe empiricalandtheoreticalresultsin thoseterms. We continueto believe that the Webb+Gaussian
modelis the bestmodelto usein designinga communicationgink. It is mostlikely that the main causeof discrepancies
betweerthe laboratorydataandtheoryis inaccurateestimationof parameterswhich candramaticallyaffect the theoretically
predictedresults. This mayincludeimpreciseknowledgeof the APD gain, systemnoisetemperatureandreceved signaland
backgroundevels. Othercause®f erroraretiming jitter in thelaser spurioussourcef DC bias,andexternalradiofrequeny
interferencesources.

In all of thefiguresshavn, theseparatiobetweerthe meanf theempiricalnoiseandsignaldistributionsis largerthanthe
separatiorbetweerthetheoreticakturves,afeaturemoreevidentin the higherpower plotsof Figures2(b), 3(b), 4(b),and5(b).
More specifically the meanof theempiricalsignalslot densityis higherthanthatof thetheoreticakignalslot densityfunction.
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This couldbe causedy imperfectknowledgeof APD parametersuchasthe averagegainor surfacecurrent.In particular the
gainof the APD wasderivedfrom usingDC white light illumination asprovided by the manugcturer Sincethis mayleadto
discrepanciesshenpulsedlight is used moreaccurategainmeasuremeriechniquesrecurrentlybeinginvestigated Another
possibleexplanationfor the discrepancies imperfectmodelingof thelaserpower. For mostdataruns,the separatiorbetween
thenon-signakandsignalpdf’swasgreatethanpredicted.Thisis consistentvith anunderestimatef the actualmeannumber
of photonsreachingthe APD detector Also, unwantedoscillationsin the detecteddatadueto RF pickup from othersources
(suchasthe power supplyon the HVTC boardthatthe 1064nm APD is integratedto) will affect the distribution of the data,
andmay play a partin the meandiscrepancieskinally, someamountof biasmaybe dueto the effect of digital sampling,and
guantizatiorerrordueto the 8-bit quantizatiorof the recordingdigital oscilloscopemay alsodegradetheaccuray of thedata,
but this doesnot explain the systematiaifferencesve obsenein the pdf’s.

All of the plots alsoshaw thatthe variancesof boththe empiricalnoiseandempiricalsignaldensitiesarelarger thanthe
theoreticalvalues. Uncertaintyin the APD gain valueswould againcontritute to this problem. Much of the error, however,
is dueto inaccurateknowledgeof the systemnoisetemperature As mentionedearlier, the effective noisetemperaturef the
preamplifiedoadfor the532nm APD wasmeasuredt 1993K whenthe APD gainwasmadevery small. However, it appears
from Figures2 and3 thatT" maybe evenhigher Mis-estimationof systennoisetemperaturavould helpexplain discrepancies
obsenedin thevariancesf boththe signalandnoiseslot counts. Similarly, the default valueof 300K usedfor the 1064nm
datais obviously too low, asFigures4 and5 shav. We do not believe thattiming jitter hasa large effect on theresultsfor the
532nm APD, becauséhejitter wasmostly confinedto within afew nanosecondsndthe 25 nsslot durationwassufficientto
containthereceved pulse. (Note thatalthoughthe transmittedaserpulsewasaround3 nsthe low bandwidthof the 532 nm
APD spreadthe receved pulseto around20 ns.) However, timing jitter doeshave an effect on the varianceof the 1064nm



data,asthehigherbandwidthof the 1064nm APD yieldeda detectegulselessthan10nswide andallowedfor anarraverslot
width of 10 ns. Thetiming jitter thereforewould be morelik ely to causethe signalpulseto slip out of the signalslot, thereby
corruptingthe signalhistogramdatacollection. The discrepanciebetweerexperimentandtheoryareespeciallyevidentin the
plotsin Figures4(b) and5(b), which shawv empiricalsignalpdf’ sthatarevery spreadut, clearlyrequiringfurtherinvestigation.

4. BIT ERROR RATE COMPARISONS

The slot countscollectedto createthe empiricalpdf's may alsobe usedto calculatethe empiricaluncodedsymbolerror rate
(SER),by comparingeachsignalslot countwith 255 non-signalkslot counts. The theoreticaluncodedSERis calculatedusing
(4), with boththe Webb+Gaussiaaswell asthe slightly lessaccuratecompletelyGaussiarapproximatiorusedfor the APD
outputdensityfunction. Theuncodedsymbolerrorrateis corvertedto anuncodedit errorrate(BER) via theapproximation

M(SER)

BER =~ 207 1)’ )

whereM = 256 isthePPMorder A comparisorof theempiricalandtheoreticaBER's areshowvn in Figures6 and7 for the
532nm and 1064 nm detectordata,respectiely. Becauseonly 400 or 800 symbolswere processedor eachempirical BER
point, we alsocomputedthe 95% confidencenterval basedon samplingfrom a binomial distribution. Note thatat lower error
probabilities the errorbarsarequite large dueto thelack of anadequatesamplesize.
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Figure 6. Comparisorof empiricalandtheoreticabit errorrates,532nm APD, 7i; = 0 andng; = 100.

Thebit errorratesshovn in Figures6 and7 areconsistenwith the pdf's shawvn earlier In Figures2 and3, the empirical
separatiorbetweerthe noiseandsignalpdf'sis largerthantheoreticallypredictedfor the 532nm APD. This is alsoreflected
in the BER’s of Figure6, which shav anempirical BER thatis 1 to 2 dB lower thanpredictedwith eithera Gaussiarmodel
or aWebb+Gaussiamodel. On the otherhand,the empiricalbit errorratesfor the 1064nm APD arelargerthantheoretically
predicted,and appearto decreasenore slowly. Oneof the reasondor this may be thattiming jitter causegletectionerrors
regardlessof how high the signalphotoncountis made. Although the empirical separatiorbetweennoiseand signal pdf’'s
is largerthanexpectedfor the 1064 nm detectordata,the empirical varianceis alsomuchlarger thananalyticallypredicted,
leadingto the highererror probability. It is alsoworth notingthatthe two backgroundcasesshown in Figure7, fip; = 0 and
fip; = 100, have practicallyidenticaltheoreticaBER curves,which doesappeato bethetrendfor the empiricalcurvesaswell
for the 10 nsdata,althoughthereare not enoughdatapointsto confirmthis. An additionalsetof dataat 1064nm wastaken
underzerobackgroundtonditionsandwith slightly wider 15 nsslotsin anattemptto remove someof theeffectsof timing jitter,
andshaws thata BER of 0.01is metwith approximately2300incidentsignalphotons.On the otherhand,the uncodedBER
designrequiremenof 0.01is metby the 532 nm detectorwith approximately90 incidentsignal photonsat zerobackground
levels. With backgroundthe 1064nm datadoesnot meetthis BER, whereaghe 532nm APD meetst with approximatelyl 10
incidentsignalphotons.
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Figure 7. Comparisorof empiricalandtheoreticabit errorrates,1064nm APD, 7i;; = 0 andn,; = 100.

5. CONCLUSIONS

In this papertheresultsof ongoingexperimentsusingcommerciallyavailablesilicon avalanchgohotodiodegor pulseposition
modulationdetectionwere comparedwith theoreticalmodelsin orderto characterizehe real-world performanceof these
detectors Both a532nm anda 1064nm APD weretestedthroughthe constructionof empiricalprobability densityfunctions
for signal and noise PPM slots, and throughthe calculationof bit error probabilities. Although thereis somequalitative
agreemenbetweerthe experimentakesultsandtheory significantdiscrepanciesxist betweerthe meansandvariancef the
outputstatisticswhich arereflectedin the bit errorrates.Many of thesediscrepanciesnay betracedto impreciseknowledge
of channelparametersgspeciallynoiseequialenttemperaturendaverageAPD gain. De-integratingthe 1064nm APD from
theHVTC boardwill allow for morestringentcontrolson parametemeasurementndthe decouplingof interferencesources.
Specifically anexternalpower supplymaythenbeused removing onesourceof RF pickup. It is crucialthataccuratenethods
of systemparametemeasuremenie used,andthatthe discrepanciesotedin this paperbe examinedandunderstoodn order
to enablethe designof missionlink budgetsand develop optical receier processinghardware. Continuingwork will focus
uponrefinemenbf parametemeasuremertechniquestesolutionof discrepanciesandclosureof the gapbetweertheoryand
practice.Independentonfirmationof parametersisedfor analyticalpdf'sis in order

While matchingthe experimentaldatawith theoreticaimodelsis necessarywe canarrive atanotherconclusiorjuston the
basisof the comparisorbetweerthe laboratoryperformancef thetwo differentwavelengthdetectors Althoughthe 1064nm
wavelengthis superiorto the 532 nm wavelengthin termsof transmissiorpower and atmospheriattenuationandthe 1064
nm detectorhasbetterbandwidthpropertiegthanthe 532 nm APD, the experimentakesultsshav thatthe 1064nm detectoris
nonethelessutperformedy the532nm APD in termsof bit errorrates.It appearghatfor the 1064nm detectortoo muchof
aslotwidth reductionintroducesdegradationfrom timing jitter. Thistiming jitter hasits origin in thelaserQ-switchandis not
addressech this paper Aside from the timing jitter, the 1064 nm detectorsensitvity in termsof requiredsignalphotonsper
pulseis afactorof 10 worsethanthatof the532nm detector RF pickup,lower quantumefficiency, andpoorergainandexcess
noisecharacteristicareall contributing factorsto this. Certainlyin orderto take advantageof the systemsadwvantagesat 1064
nm, the detectomperformancenustbeimproved.
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